Background. Cluster randomized controlled trials increasingly are used to evaluate health interventions where patients are nested within larger clusters such as practices, hospitals or communities. Patients within a cluster may be similar to each other relative to patients in other clusters on key variables; therefore, sample size calculations and analyses of results require special statistical methods.
Introduction
The randomized controlled trial (RCT) is seen as the gold standard of evidence in evaluating health service interventions. 1 Many interventions are directed at providers, with the intent of changing patient outcomes. This is one reason why cluster randomized trials are used increasingly in primary care health services research. 2 The main feature of such interventions is that patients are nested within larger clusters such as physician practices, hospitals or communities, and that the intervention is applied at that level, while the outcomes are measured at the patient level. This study design necessitates special statistical considerations for sample size estimation and data analysis. 3 Often, patients within the same practices or clusters are more similar to each other, with respect to key confounders or the outcomes of interest, than to patients in other practices. For example, the management of patients with a given condition by the same physician is more likely to be similar than management of patients with the same condition by different physicians. The end result of using a cluster RCT is that the design is not as statistically efficient as a patient RCT. This is because greater homogeneity of members in the clusters increases the standard error of the estimate of the treatment effect, 4 resulting in a loss of power to detect a difference between the intervention and control groups. Therefore, a compensatory inflation of sample size is required to maintain power in a cluster randomized trial. The intracluster correlation coefficient (ICC) is used in the calculation of the inflation factor, or design effect. The sample size is calculated assuming randomization of individuals, and then increased by the amount indicated by the inflation factor. 3 The ICC is defined as the ratio of between-cluster variance to total variance. As the magnitude of the ICC increases, the more individuals within clusters resemble one another and the less they resemble those from other clusters with respect to the variable of interest. An ICC of zero indicates that people within and among the clusters are completely independent with respect to that variable. In contrast, an ICC of 1.0 indicates that people within a cluster are identical, but each cluster differs from the others. As an ICC increases, the sample size required to detect a significant difference for that variable increases.
To address this issue in cluster randomized trials, investigators need valid estimates of the ICC for their outcomes of interest which, together with the number of observations per cluster or practice, determine the magnitude of the necessary inflation factor for the sample size in the cluster randomized design. 5 Cluster randomized trials also require special considerations for data analysis. Researchers often fail to take into account the clustered nature of their data, and mistakenly perform their statistical analyses at the patient level, when the physician or practice was the unit of randomization. 6 This 'unit of analysis' error results in an increased probability of rejecting the null hypothesis. 7 The objectives of the Seniors Medication Assessment Research Trial (SMART) were to compare over 5 months the medication outcomes, management of hypertension, hyperlipidaemia and diabetes, health care utilization and costs, and health-related quality of life among communitydwelling seniors (aged 65 years and older) whose physicians received the pharmacist consultation intervention, compared with those whose physicians did not receive the intervention.
This paper illustrates the calculations used to estimate the sample size and the statistical approach used to analyse the data in our paired cluster randomized trial. Estimates of ICCs from the trial results for some common outcomes, which may be useful to estimate sample sizes in future trials in the primary care setting, are also presented.
Methods
The design of our trial entailed an intervention directed at physicians, with outcomes measured primarily at the patient level. The recruitment methods have been described previously. 8 Briefly, the study involved 48 randomly selected family physicians (including GPs) in Southern Ontario (69.6% participation rate) who were randomized to either the control or the intervention group to test the effectiveness of community pharmacists consulting to family physicians. Two physicians (one pair) were recruited within each of 24 geographic areas, defined as the first three digits of the postal code of a corresponding pharmacist's practice address, and then, within each pair, randomly allocated to the pharmacist intervention or control group. Paired randomization was used in order to increase the comparability between study seniors on potential covariates, such as socio-demographic factors and access to health care resources. This type of randomization is only applicable to paired cluster designs. Otherwise, randomization approaches used for nonclustered designs such as stratification, block randomization or minimization can be used. In each practice, 15-20 seniors taking five or more medications daily according to their chart were selected randomly (69.5% participation rate) to participate in the trial. The primary outcomes were assessed on each patient, but the intervention itself was aimed at the physician.
The seniors were asked to bring all of their regular medications to a baseline interview with a study nurse, prior to randomization of the family practices. A regular medication was defined as one that was taken in the last 2 days. Drug name, strength, units per dose and times taken per day were recorded for each medication. One unit of medication was defined as one tablet, one teaspoon of liquid, one drop (for eye drops) or one application of cream/ointment. The health conditions of the seniors were captured by medical chart audits prior to randomization of the practices, and were verified by the family physician and coded systematically by a physician investigator (JS) using ICD-9 coding. For those with hypertension, hyperlipidaemia or diabetes, information was collected from the charts on blood pressure, cholesterol and blood sugar readings, and the occurrence of complications such as renal failure, over 5 months after randomization.
Details of the intervention have been described elsewhere. 9 The pharmacist assigned to each intervention practice met with each participating senior in the practice to review their medications, and then formulated written recommendations for the physician and discussed them in a face-to-face meeting. The recommendations involved the identification of drug-related problems and suggestions for optimizing each patient's drug regimen.
We hypothesized that the pharmacist intervention should have been capable of decreasing the average number of units of medication taken daily by 15%. We felt that this was a clinically meaningful difference, and this was borne out by our pilot study. 10 It represents a reduction of ~2 daily units of medication, which should translate into a reduction of the complexity of the medication regimen, and a reduction in drug costs. The mean number of units of daily medications (14.7) and standard deviation (8.1) from the pilot study were used in the sample size calculation. A one-tailed test was used because our hypothesis was unidirectional. The sample size calculation used was described by Donner et al. 3 The ICC for the number of daily units of medication taken was estimated to be 0.08, based on the pilot study. This ICC was used to calculate the inflation factor, or design effect, 5 using the following formula:
Inflation factor = 1 + (number of patients per practice -1) × ICC To account for the paired cluster design of the trial, the analyses that compared the intervention and control arm or groups were performed using the methods proposed by Thompson et al., 11 which uses a random effects model for a meta-analysis over pairs. The mean difference on the outcome variable between groups was a weighted average of the mean differences across clusters (d j ). The formula for the weighted mean difference given by Thompson is: where s 2 = variance.
Results

Sample size estimation
For the sample size estimation of SMART, the design effect was calculated to be 2.12 based on 15 seniors from each of 48 family practices. The number of patients recruited per practice was increased to 20, where possible, to account for losses to follow-up. If the number of physicians or the number of patients per practice had been altered, this would have resulted in higher or lower inflation factors as shown in Table 1 . For example, for any given value of ICC, increasing the cluster size results in the need for fewer physician practices in the trial. When deciding on sample size, pragmatism often becomes the overriding issue. Increasing the cluster size may make it difficult to find enough patients in any given physician practice that meet the inclusion criteria. Conversely, decreasing the cluster size and increasing the number of clusters needed also has ramifications in the form of making the trial logistically more difficult and increasing costs (we would have required more expanded role pharmacists). Thus, we strove to strike a balance between all of these relevant considerations. Table 1 also shows the effects on sample size of varying the ICC for the main outcome measure, number of daily units of medication. The sample size required using the assumption of individual randomization was calculated to be 340 using a standard formula. 12 
Sample description
The estimated median practice size of the 48 physicians was 2142 patients (interquartile range = 1300 patients).
Among the 48 practices, 10 663 patients were aged 65 years and older. After reviewing the charts to determine initial eligibility, 2078 (19.5%) seniors were found to be taking у5 daily medications. The average age of the 889 seniors participating in the study was 74.0 years (SD = 6.1 years), and 62.8% (558/ 889) were female. The average number of medications taken daily including prescription and over-the-counter was 8.1 (SD = 3.4). The five most common health conditions among the seniors were hypertension (55.0%; 489/889), osteoarthritis (47.4%; 421/889) ischaemic heart disease (37.0%, 329/889), hyperlipidaemia (32.5%; 289/889) and angina (23.7%; 211/889). Figure 1 depicts a graphical example of the data analysis methods using the main outcome, mean daily units of Using individual randomization 340
Paired cluster analysis
The number of seniors was increased to the nearest multiple of 10 to be divisible by 24 physicians. IF, Inflation factor.
medication. The mean difference between groups and the 95% confidence intervals (CIs) are plotted for the 24 physicians pairs as well as the weighted overall mean difference with the 95% CI. There are several methodological alternatives that can be used to analyse clustered data, and they include the unweighted paired t-test in which a summary statistic is calculated for each cluster 2, 13 and multi-level models. 14 One can also use non-parametric tests such as Wilcoxon's signed rank test. 15 Table 2 provides estimates of ICCs for outcomes that could be relevant to primary care studies in the elderly. The ICC calculated from the baseline data of SMART for daily medication units was actually 0.06, thus we slightly overcompensated for the effects of clustering based on this main outcome variable. The highest ICC (0.199) was found for mean systolic blood pressure during the trial. The lowest ICC (0.0000035) was found for the occurrence of a renal or cardiovascular outcome or death among seniors with hypertension, hyperlipidaemia or diabetes mellitus during the 5 months after randomization, and the 95% CI included 0.
Estimates of ICCs
Discussion
The recruitment of 20 seniors from each of 48 physicians in the SMART study was feasible and ensured adequate power for the analyses. In designing a cluster randomized trial, there is a trade-off between the number of observations recruited per cluster, and the number of clusters to be used. As the natural cluster size becomes larger, the ICC generally declines. 16 However, it often is desirable to increase the number of clusters rather than the number of observations within each cluster, since recruiting more observations from already large clusters will yield minimal increases in statistical power. 17 The inflation factor (and hence the total sample size) in the SMART study could have been reduced by increasing the number of physicians participating in the trial, but this would have been very difficult to do. Our analysis methods, which took into account the paired clustered nature of the data, ensured that variance was not underestimated, by taking into account both between-cluster and between-individual variances. Although there was considerable variability in the mean differences of daily medication units between the 24 pairs of control and intervention group practices, the mean overall difference was very small and not statistically significant 5 months after randomization.
The results of this study are based on people aged 65 years and older taking multiple medications and may not be generalizable to all seniors. Our measures of ICC for the outcomes in Table 2 probably reflect this select population, which was chosen based on the complexity of seniors' medication regimens.
Compared with other ICCs, the ICC for systolic blood pressure was high (0.199), at least twice the magnitude of any other ICC. This suggests that seniors within practices were much more similar to each other than to seniors in other practices. This may in part reflect the hypertension Family Practice-an international journal management style of physicians, with respect to measurement or pharmacotherapy. In a study of preventive health practices in Canada, Baskerville et al. 18 found an ICC of 0.18 for evidence-based hypertension treatment among adult patients of group practices. These researchers also found a high ICC for other behaviours that reflect the management style of physicians, including ordering a chest X-ray for smokers (ICC = 0.66) and smoking cessation counselling (ICC = 0.23). 18 In the UK, ICCs for the proportion of patients with controlled hypertension in 18 general practices ranged from 0.05 to 0.06 using different hypertension management guidelines to define control. 19 In contrast, in a community intervention study where clusters were cities, the ICC for systolic blood pressure was only 0.01. 20 Health-related outcomes that are managed by physicians would be expected to have much more homogeneity within physician practices compared with within communities.
Similarly to other studies, we found that ICCs for variables less related to physician management, such as number of visits to the emergency room and selfreported health, tended to be lower, whereas ICCs for process outcomes, or physician management, are often higher than those for patient outcomes. 4 The management strategies of a particular condition within a physician's practice would be expected to be more homogeneous than the patients' outcomes or responses with respect to that management. Campbell et al. calculated ICCs for several cluster randomized trials in primary care settings. 4 ICCs for process outcomes in physician practices such as number and appropriateness of referrals ranged from 0.01 to 0.24, while outcome measures among patients for the SF-36 ranged from 0.007 to 0.01. They also found that the ICCs for process outcomes in the secondary care setting of hospitals were higher than those in primary care settings. Physicians' practices within a particular institution are likely to be more homogeneous than in primary care settings, where physicians practice more independently.
The use of appropriate study designs and analytic techniques will improve further the quality of evidence obtained from research in primary care. Some authors have published estimates of ICCs on the Internet, 4 and we urge other researchers to disseminate their results.
The description of this study of seniors taking multiple medications, and the publication of other ICCs from a wide range of content areas and settings, hopefully will enable primary care researchers to surmount these methodological issues. 
